Abstract: RuCl 3 ·3H 2 O was found to be an effective catalyst for reactions of indoles, 2-methylthiophene, and 2-methylfuran with aldehydes to afford the corresponding bis(indolyl)methanes, bis(thienyl)methanes, and bis(fur-2-yl)methanes in moderate to excellent yields. Experimental results indicated that mono(indolyl)methanol is not the reaction intermediate under these reaction conditions.
Introduction
Indoles and their derivatives are known to possess various pharmacological and biological properties, including antibacterial, cytotoxic, antioxidative, and insecticidal activities [1, 2] . Furthermore, bis(indolyl)alkanes and their derivatives constitute an important group of bioactive metabolites of terrestrial and marine origin [3] [4] [5] [6] [7] [8] . During the past decade a large number of natural products containing bis(indolyl)methanes [9] and bis(indolyl)ethanes [10] have been isolated from marine sources. Consequently, a number of synthetic methods for the preparation of bis(indolyl)alkane derivatives by reacting indoles with various aldehydes and ketones in the presence of either a Lewis acid [11] or a protic acid [12] [13] [14] , metal salts, such as In(OTf) 3 [15] , Dy(OTf) 3 [16, 17] , Ln(OTf) 3 [18] , and CeCl 3 ·7H 2 O [19, 20] , and molecular iodine [21, 22] , as well as solid acidic catalysts [23] [24] [25] , such as clays and Zeolites, have been reported in the literature. In addition, it has been reported that the
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reactions of indoles with various aldehydes were carried out in a protic solvent in the absence of any other catalyst to afford bis(indolyl)methanes [26] . In this study, we report a facile and efficient procedure for the synthesis of bis(indolyl)methanes, bis(thienyl)methanes, and bis(fur-2-yl)methanes under mild conditions using RuCl 3 ·3H 2 O as catalyst.
Results and Discussion
In the first instance, we studied the reaction of indole with benzaldehyde as a model reaction. We found that this reaction was fast in the presence of RuCl 3 ·3H 2 O (5 mol%) in ethylene glycol dimethyl ether (GDE) at room temperature, and the corresponding bis-indolylmethane was obtained in 87% yield after 30 min (Table 1 , entry 6). To optimize the reaction conditions, we have studied the effect of different solvents and RuCl 3 ·3H 2 O loadings on the reaction of indole with benzaldehyde. The results are shown in Table 1 . After examining different solvents, including THF, GDE, CH 2 Cl 2 , C 6 H 6 , acetone, acetonitrile, and CHCl 3 , benzene, with which the highest yield of 92% was obtained when using 5 mol % RuCl 3 ·3H 2 O for 30 min (Table 1 , entry 2), was found to be most efficient. We next examined the effect of RuCl 3 ·3H 2 O loading on the reaction; good results were obtained when using 5 mol % RuCl 3 ·3H 2 O (Table 1 , entry 2), and there was no advantage to using more than 5 mol % RuCl 3 ·3H 2 O (Table 1 , entry 1), whereas the yield significantly decreased when using only 2 mol % RuCl 3 ·3H 2 O (Table 1 , entry 4). Without the RuCl 3 ·3H 2 O catalyst, the reaction cannot be carried out. Thus, the optimum reaction conditions for the reaction were found to be 0.05 equivalents of RuCl 3 ·3H 2 O, with benzene as the solvent at r.t. To explore the scope of the reaction, next various indoles were reacted with different substituted aromatic aldehydes, and the results are summarized in Table 2 . In general, all reactions were very clean and the bis-indolylmethanes were obtained in high yields under the optimized conditions. The results have shown that substitution plays a major role in governing the reactivity of the substrate. With electron-donating substituents in the aryl aldehyde, decreased yields of products were observed ( Table 2 , entries 2-4, entries 9-11). For example, the reaction of m-methylbenzaldehyde with indole gave the corresponding product in 77% yield (Table 2 , entry 2). However, the effect was reversed when electron-withdrawing groups were present in the aryl aldehyde, thus such electron-withdrawing groups (e.g., NO 2 ) in the aryl aldehyde favored the reaction with indoles, affording the corresponding bis(indolyl)methanes in high yields (Table 2, entries 7, 14) . It is noteworthy that the reaction of N-methylindole with aryl aldehydes gave the corresponding bis(indolyl)methanes in decreased yields ( Table 2 , entries [8] [9] [10] [11] [12] [13] [14] . To expand the scope of the protocol, the reaction of various aryl aldehydes with 2-methylthiophene was also evaluated. The results are summarized in Table 3 .
As shown in this table, good yields were obtained in GDE at 80 °C, except in the case of p-methyl-benzaldehyde (Table 3, entry 3) . Surprisingly, applying these optimised conditions to perform the reaction of aryl aldehydes with 2-methylthiophene，resulted in a zero yield of the corresponding bis(thienyl)methanes, and in this case the reaction temperature must be changed, and 80 °C was the best choice. Steric effects also had an adverse influence on the reaction. For instance, 2-bromo-benzaldehyde gave a lower yield of 61% (Table 3 , entry 3). Nair has reported that 2-methylthiophene on reaction with benzaldehyde gave 70% of the corresponding bis(thienyl)methane using AuCl 3 /AgOTf as catalyst [27] . Compared to Nair's method, the advantages of our procedure include the simplicity of the reaction procedure, as well as higher yields. In addition, the reaction of various aryl aldehydes with 2-methylfuran was also investigated. The results are summarized in Table 4 . Similarly, applying the previously optimized conditions to perform the reaction of m-methylbenzaldehyde with 2-methylfuran, resulted in a very low yield of the corresponding bis(fur-2-yl)methane.
Fortunately, a mixture of m-methylbenzaldehyde and 2-methylfuran could be very slowly converted to the desired product in 49% yield after 14 days at 5 °C. Other aryl benzaldehydes also reacted well giving moderate yields under the same conditions (Table 4) . Electron-withdrawing substituents on the aryl aldehyde were more beneficial for this transformation. For instance, m-nitro-benzaldehyde gave a higher reaction yield of 79% (Table 4 , entry 6). To the best of our knowledge, the reports of such reactions of furans with aryl benzaldehydes are limited [27] .
A Hammett analysis was performed to probe the nature of this intriguing reaction of aryl aldehydes with N-methylindole. As can be observed from the plot for C-3 substituted benzaldehydes (Figure 1 ), a linear correlation between the ratio of reaction rates (k n = rate constant of the reaction of benzaldehyde with N-methyl indole; k m = rate constant of the reaction of aryl benzaldehyde with N-methyl indole; For the determination of r, the following expression was used: k m /k n = log[1−x p /x r ]/log[1−y p /y r ], r = reaction constant; x p = mmol product formed from substituted benzaldehyde; x r = mmol starting N-methyl indole placed in the reaction; y p = mmol product formed from unsubstituted benzaldehyde; y r = mmol N-methyl indole starting placed in the reaction.) and the substituent parameter (δ m ) [28] was obtained, which provided a small, positive reaction constant (ρ = 0.26). This relatively small ρ value correlates to a slight dependence of the reaction on the polarizing influence of the aromatic substituents, which is indicative of a nucleophilic addition mechanism. According to the literature [18, 21, 22, 24] , the following mechanism was proposed to account for the reaction of benzaldehyde with indole. The aldehyde was first activated by catalyst, then underwent an electrophilic substitution reaction at C-3 of an indole molecules to give mono(indolyl)methane 7. After loss of water, intermediate 8 was generated. Compound 8 served as an electrophile to attack a second molecule of indole to form 2a. To explore the RuCl 3 ·3H 2 O-catalyzed reaction process, the reaction of mono(indolyl)methanes 7 with indole was performed in the presence of RuCl 3 ·3H 2 O at r.t. Unfortunately, it was found that the reaction did not work, suggesting that 7 is not the intermediate of the RuCl 3 ·3H 2 O-catalyzed reaction. The detailed mechanism has therefore not been clarified. 
Experimental

General
Infrared spectra were measured with a Nicolet Avatar 360 FT-IR spectrometer using film KBr pellet techniques.
1 H-and 13 C-NMR spectra were recorded on a Bruker AV400 spectrometer at 400 and 100 MHz, respectively. Chemical shifts were reported in ppm relative to TMS. CDCl 3 or DMSO-d6 were used as the NMR solvents. GC-MS were recorded using a Finnigan Trace 2000 GC/MS system. Elemental analysis were carried out on a Perkin-Elmer 240B instrument. HRMS spectra were recorded on a Shimadzu LCMS-IT-TOF apparatus. Silica gel (300-400 mesh) was used for flash column chromatography, eluting (unless otherwise stated) with an ethyl acetate/petroleum ether (PE, b.p. 60-90 °C) mixture.
General Procedure for the Preparation of Bis(indolyl)Methanes 2-4
To a solution of aryl benzaldehyde (0.5 mmol) and RuCl 3 ·3H 2 O (0.05 mmol) in benzene (1 mL) was added indole (1.0 mmol) under air atmosphere and the mixture was stirred at room temperature (monitored by TLC). Then, the reaction mixture was concentrated under reduced pressure. The residue was purified by flash chromatography on silica gel (eluent:EtOAc/PE = 1:4) to yield the corresponding product. 
3,3'-Bis-indolyl phenylmethane (2a
3,3'-Bis-(N-methylindolyl)phenylmethane (3a
3,3'-Bis-(N-methylindolyl)-(3-methylphenyl)methane (3b
3,3'-Bis-(N-methylindolyl)-(4-methylphenyl)methane (3c
3,3'-Bis-(N-methylindolyl)-(3-methoxyphenyl)methane (3d
3,3'-Bis-(N-methylindolyl)-(3-chlorophenyl)methane (3e
3,3'-Bis-(N-methylindolyl)-(2-bromophenyl)methane (3f
3,3'-Bis-(2-methylindolyl)-(3-methylphenyl)methane (4a)
.
3,3'-Bis-(2-methylindolyl)-(3-methoxylphenyl)methane (4b)
General Procedure for the Preparation of Bis(thienyl)methanes 5a-5g
To a solution of aryl benzaldehyde (0.5 mmol) and RuCl 3 ·3H 2 O (0.05 mmol ) in ethylene glycol dimethyl ether (1 mL) was added 2-methylthiophene (1.0 mmol) under air atmosphere and the mixture was stirred at 80 °C (monitored by TLC). Then, the reaction mitxure was concentrated under reduced pressure. The residue was purified by flash chromatography on silica gel (eluent: EtOAc/PE = 1:8) to yield the corresponding product. 
5,5'-Bis-(2-methylthienyl)phenylmethane (5a
5,5'-Bis-(2-methylthienyl)-(3-methoxyphenyl)methane (5d
General Procedure for the Preparation of Bis(fur-2-yl)methanes 6a-6f
To a cooled (0 °C) solution of aryl benzaldehyde (0.5 mmol) and RuCl 3 ·3H 2 O (0.05 mmol) in ethylene glycol dimethyl ether (1 mL) was added 2-methylfuran (6.0 mmol) under air atmosphere and the mixture was placed into refrigerator to stay without stirring at 5 °C. The mixture was shaken for several seconds every day to ensure homodispersity (monitored by TLC). The reaction mitxure was then concentrated under reduced pressure. The residue was purified by flash chromatography on silica gel (eluent: EtOAc/PE = 1:8) to yield the corresponding product. 
5,5'-Bis-(2-methylfuryl)-(3-methylphenyl)methane (6a
Conclusions
In summary, RuCl 3 ·3H 2 O has been demonstrated to be a mild and effective catalyst for the reactions of aryl aldehydes with indoles, 2-methylthiophenes, and 2-methylfurans, respectively. The catalyzed reactions produced the corresponding bis(indolyl)methanes, bis(thienyl)methanes, and bis(fur-2-yl)methanes in moderate to excellent yields. The procedure offers several advantages, including mild reaction conditions and simple experimental and isolation procedures, which makes it is a useful and attractive process for the synthesis of bis(indolyl)methanes, bis(thienyl)methanes and bis(fur-2-yl)methanes.
